Abstract Halogen-substituted iminosulfuranes are transdermal penetration enhancers (TPEs) in permeation studies using hairless mouse or human cadaver skin. The interaction of N -(4-R -benzoyl)-S,S -dimethyliminosulfuranes 1-4, where R ‫؍‬ H, Cl, Br, and I, with l -␣ -dimyristoyl-sn -glycero-3-phosphocholine (DMPC) has been studied using differential scanning calorimetry, isothermal titration calorimetry, nuclear Overhauser effect spectroscopy (NOESY), and NMR spectroscopy, and by calculation of the iminosulfurane polarizabilities in order to elucidate the molecular basis of the TPE activity. The active compounds reduce the melting temperature of the gel-to-liquid-crystal phase transition and induce multiple components in the transition excess heat capacity profile. The partitioning of the bromo derivative 3, the most active compound, into DMPC is unique in that 3 may be trapped in the bilayer, affording an enhanced residence time and a reason for its high TPE activity. The entropy decrease associated with the transfer of 3 to the bilayer is much lower than that for the other compounds, indicating that 3 occupies or induces sites that afford it considerable local motional freedom. Correlations between the iminosulfurane TPE activities, the partition coefficients, and NOESY crosspeak volume were observed. Molecular polarizabilities are not consistent with a TPE mode of action involving interaction of these agents with protein side chains. 
The stratum corneum (SC) layer of the skin provides both protection from foreign substances and a barrier against dehydration. The protective properties of the SC, however, also inhibit most therapeutic agents from effectively passing through the skin to their target when topically applied (1) . The structure of the SC has been shown to consist of both hydrophilic and lipophilic regions. The lipophilic regions consist mainly of ceramides, cholesterol, and free fatty acids arranged in stacks of bilayers, which are thought to be responsible for the protective properties of the skin; it is this portion of the SC that must be breached in order to effectively deliver therapeutic agents transdermally (2) (3) (4) (5) . The mechanism of action of transdermal penetration enhancers (TPEs) is thought to be either through their intercalation into the lipid bilayers or through altering the solubility of the lipids. Comprehensive reviews of possible mechanisms have been published (1, 6) .
Recently, there has been great interest in the development of agents that can facilitate the movement of substances across the skin barrier, in an attempt to increase the number of therapeutic agents that can be applied in topical preparations. A variety of classes of potential TPEs have been reported in the literature. Effective TPEs include sulfoxides, alcohols, fatty acids, and surfactants (6) (7) (8) . One of the most investigated and effective TPEs to date is Azone ® ( Fig. 1 ). The interaction of Azone and other enhancers with the SC has been studied using a variety of techniques. The cohesiveness of the lamellae was disrupted by substances that were effective as a TPE, whereas the ineffective compounds did not disrupt the lamellae order (9) (10) (11) (12) .
We recently reported for the first time that iminosulfuranes 1-3 ( Fig. 1 ) are potent TPEs (13, 14) . This class of compound is isoelectronic with DMSO, a known TPE (1, 3, 4) . Because halogeno-substituted iminosulfuranes 2 and 3 proved to be more potent TPEs than the parent com-pound, 1, a new iodo derivative, 4, was synthesized as part of this work and tested in the previously used biological assay system. Values for enhancement ratio J (ER J ) and Q 24 values for all compounds are contained in Table 1 . ER J is the ratio of the test drug (hydrocortisone) flux across skin samples in the presence of a selected iminosulfurane to the flux value observed in control experiments that contained no iminosulfurane (13, 14) . Q 24 is the quantity of the test drug that passes through a unit area of the skin sample in 24 h. To obtain new information relevant to the mechanism of action of these TPEs, investigations have been performed to identify possible correlations of the biological effectiveness of 1-4 with their interaction with a well-defined model system consisting of lipid bilayers, as determined by isothermal titration calorimetry (ITC), differential scanning calorimetry (DSC), and proton nuclear magnetic resonance ( 1 H NMR). Azone was used as a reference TPE.
MATERIALS AND METHODS

General methods
Synthetic l -␣ -dimyristoyl-sn -glycero-3-phosphocholine (DMPC) was purchased from Avanti Polar Lipids (Alabaster, AL). The lipid was Ͼ 99% pure. American Chemical Society-certified KCl, EDTA, and KH 2 PO 4 were purchased from Fisher Scientific. HEPES was purchased from Sigma Chemical Co. (St. Louis, MO). Glassdistilled 99.9% D 2 O was purchased from Isotec, Inc. (Miamisburg, OH). Azone was synthesized by using a published procedure (15) (16) (17) .
Iminosulfuranes
The synthesis of 1-3 by the reaction of dimethyl(trifluoroacetoxy)sulfonium trifluoroacetate with the appropriate benzamide has been reported by us previously (13, 14) . Iminosulfurane 4 was synthesized in a similar way from 4-iodobenzamide and crystallized from dichloromethane. 
Biological assay
The percutaneous penetration enhancement of 4 was assayed as described previously for 1-3 by using hydrocortisone as a model drug (13, 14) . Toxicity studies on normal dermal fibroblasts and keratinocytes have been carried out using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. At iminosulfurane concentrations of 0.1 and 0.2 M, no fibroblast cell death was noted; at 0.4 M iminosulfurane concentration, 60-84% cell viability was obtained, whereas at 0.8 and 1.2 M iminosulfurane concentrations, approximately 40% of the fibroblasts remained viable. Similar values were obtained when keratinocytes were employed in these assays (18) . The iminosulfurane concentrations employed in the DSC, NMR, and ITC release protocols described herein did not exceed 1 mM.
Vesicle preparation
Small unilamellar vesicles were prepared according to a modification of the procedure of Suurkuusk et al. (19) . This procedure produces unilamellar vesicles of nominally 300 Å diameter (20) . For NMR work, the solid lipid was suspended in a D 2 O medium consisting of 160 mM KCl and 10 mM KH 2 PO 4 buffer, pH 7.4. For ITC work, DMPC was suspended in a 10 mM HEPES buffer, pH 7.4, with 160 mM KCl, and sonicated. For the DSC studies, large multilamellar vesicles were prepared by suspending DMPC in 10 mM HEPES buffer, pH 7.4, with 160 mM KCl. The suspension was stirred for 1 h, followed by 15 min of vortexing to yield a multilamellar preparation. The DMPC concentration was 10 mM for all experiments.
Differential scanning calorimetry
A portion of the liposome suspension was added to the iminosulfurane in solid form, and the suspension was stirred overnight at room temperature in order for the iminosulfurane to partition into the lipid bilayers. A control DSC scan was performed at 24, 48, and 72 h intervals on an aliquot of the liposome suspension without added ligand in order to check for possible changes in the excess heat capacity profile due to aging. No measurable changes were seen over the course of the experiment. Downscan data were collected by performing an upscan on an aliquot of DMPC containing 10 mol% iminosulfurane and then immediately performing a downscan on this sample. A second upscan and downscan were performed on the same preparation. This procedure was performed on a control consisting of an aliquot of a multilamellar DMPC preparation containing no iminosulfurane and was found to be completely reversible in all cases. DSC was performed with models DSC-VP and MC-2 instruments manufactured by Microcal, LLC (Northhampton, MA).
Isothermal titration calorimetry
An aliquot of small unilamellar vesicles was added to the solid iminosulfuranes 1-4 so that the total iminosulfurane concentration was 10 mol%. This preparation was stirred overnight at 40 Њ C. The preparation was then injected into HEPES buffer at 35 Њ C, with an initial injection of 3 l and subsequent injections of 10 ER J , (enhancement ratio J ) is the ratio of the test drug hydrocortisone flux across skin samples in the presence of a selected iminosulfurane to the flux value observed in control experiments that contain no iminosulfurane (13, 14) . Q 24 is the quantity of the model drug that passes through a unit area of the skin sample in 24 h. by guest, on October 13, 2017 www.jlr.org Downloaded from l, for a total of 30 injections. The release protocol described by Heerklotz, Binder, and Epand (18) and Heerklotz and Seelig (19) was initially employed in determining partition coefficients. Isothermal titration binding studies were performed on instrument models MCS and VP-ITC manufactured by Microcal, LLC. Data were deconvoluted as described below using a release-and-incorporation algorithum running on Origin version 6.0 software by Microcal Software, Inc.
The partitioning of iminosulfuranes between buffer and bilayer is described by equation 1 (21, 22) ,
where is the bound fraction of ligand, C D,b is the concentration of bound ligand, C D is the total ligand concentration, C l is the total lipid concentration, and K is the partition coefficient. As more of the lipid-ligand complex is injected into the buffer solution, there is a change in the degree of binding due to the accumulation of free drug. This change is described by equation 2.
(Eq. 2)
The normalized differential heat per mole, Q , is described by equation 3,
where C D int (zero for the release protocol) is the amount of ligand in the cell initially, R SYR is the mole ratio of ligand to lipid, SYR is the bound fraction of ligand in the syringe, ⌬ H f → b is the enthalpy of the ligand going from the free to the bound form, and Q dil is the heat of dilution. A nonlinear regression procedure was used to fit experimental data to a model defined by Heerklotz, Binder, and Epand (21) using equations 1-3.
Nuclear magnetic resonance
An aliquot of small unilamellar vesicles was added to the solid ligand so that total iminosulfurane concentration was 10 mol% or 1 mol%. This preparation was stirred overnight at 40 Њ C, followed by nuclear Overhauser effect spectroscopy (NOESY) studies carried out at 35 Њ C using a Unity 600 spectrometer manufactured by Varian Associates, Inc. (Palo Alto, CA), using the TN NOESY pulse sequence with a 0.1 s mixing time; 2,048 data points were collected over 256 increments with 96 acquisitions, using a 5,092 Hz spectral width. Data analysis was carried out using the Varian software package VNMR (23) . A 60 Њ -shifted sinebell window function was employed in both dimensions, and zero filling was carried out in the F1 and F2 dimensions. The first two data points in the free induction decay (FID) were determined using linear prediction based on the first 50 points in the FID with lpfit ϭ 16 (24) . Baseline correction in both dimensions was employed via a fourth-order polynomial using the procedure of Brown (25) .
Polarizability calculations
Two types of polarizability calculations were performed. Molecular orbital calculations were performed using the Gaussian 98 software package at the Hartree-Fock level. The basis set employed was UHF/6-31 ϩ g(2d,3pd) (26) . A geometry-optimized structure for each iminosulfurane on which polarizability calculations were performed was obtained from ab initio calculations using a 3-21* basis set. Two separate calculations were performed on each iminosulfurane, with the exception of 4, which requires
relativistic corrections not included in the basis set described above. One calculation was performed with the dielectric constant of unity, and one was performed with the dielectric constant of 1.92 in order to simulate a hydrophobic environment. Similar results were obtained from these two calculations. The second type of polarizability calculation employed the Thole model, which sums the atomic polarizabilities. This model was applied to the same geometry-optimized iminosulfurane structures used in the molecular orbital theory calculations. The induced dipole at point p ( p ) is given by equation 4,
where ␣ p is the atomic polarizability tensor at p, F is the homogeneous electric field, T pq is the dipole field tensor, and q is the induced dipole at point q. These calculations were performed using the POLAR algorithm provided by Van Duijnen and Swart (27) . Molecular volumes of the iminosulfuranes were calculated using molecular mechanics via the PCMODEL computational package.
RESULTS
Biological activity
The biological activities of iminosulfuranes 1-4 are collected in Table 1 in terms of the flux ER J and the Q 24 . Compound 1 (R ϭ H) has a low Q 24 value and an ER J value of less than unity, indicating that it actually increases the skin barrier relative to the control. Compounds 2 and 4 have comparable ER J values, but the iodo derivative 4 exhibits a larger Q 24 value relative to that of compound 2. Compound 3 (R ϭ Br) is the most active agent of this series. The ER J value of compound 3 exceeds that of the other iminosulfuranes by over an order of magnitude, with a correspondingly large Q 24 value.
Differential scanning calorimetric studies
All compounds investigated using DSC, with the exception of Azone, attenuate within 4 h the pretransition signal amplitude shown in the control DMPC DSC scan (Fig.  2) . The pretransition is nearly broadened into the baseline by all compounds studied, and the residual amplitude remains constant over time. Because the pretransition is thought to be caused by the reorientation of the lipid headgroups, any compounds that approach the headgroup region of the bilayer could perturb the pretransition. The data collected are consistent with all iminosulfuranes approaching the headgroup region of the bilayer. The constant pretransition residual amplitude also implies that transfer of the iminosulfuranes to the bilayer is complete on a time scale of 4 h.
The gel-to-liquid-crystal phase transition of DMPC is affected differently by compounds 1-4. Compound 3, which exhibits the strongest activity as a TPE, also causes a shoulder to appear at a temperature below the main phase transition of DMPC. The data could not be simulated using a single two-state model, but can be accurately simulated using a sum of two or more two-state models. The multiple two-state model suggests that 3 destabilizes the bilayer, as
by guest, on October 13, 2017 www.jlr.org Downloaded from manifested by a reduction in the phase transition temperature (T m ). When the sum of three two-state transitions is used (Fig. 3) to simulate the phase transition, there is improved agreement with collected data, especially at the 72 h exposure interval. This observation suggests the formation of multiple melting domains within the bilayer. A downscan (decreasing temperature) was performed on the DMPC-2, DMPC-3 and DMPC-4 preparations. The downscans of DMPC-2 and DMPC-4 are completely reversible, as observed in subsequent upscans at 24 h, 48 h, and 72 h. The downscans of DMPC-3 are reversible at 24 h and 48 h but not at 72 h (Fig. 4) . The 24 h upscan is bifurcated, with one peak on the leading shoulder of the excess heat capacity profile and closer to the melting temperature (T m ) of pure DMPC. When the downscan was performed, the analogous first peak was no longer present. Additional upscans on the same preparation were no longer bifurcated. The excess heat capacity profiles of DMPC containing 4 and DMPC containing 2 are similar to that of DMPC containing 3 (data not shown). However, 2 and 4 seem less adept at the formation of multiple melting domains in the bilayer, based on the fact that a dual two-state model adequately describes the DMPC excess heat capacity profile data at the 72 h time interval. The excess heat capacity profile of the gel-to-liquid-crystal phase transition of DMPC containing 1 shows no differences when compared with that of the DMPC phase transition without added ligand, with the exception of the attenuation of the pretransition (data not shown).
Studies were performed at 1 mol% on the compounds that perturbed the gel-to-liquid-crystal phase transition at 10 mol%. The excess heat capacity profile of DMPC with 1 mol% 2 was indistinguishable from that of the DMPC control (data not shown), and the excess heat capacity profile of DMPC preparations containing 1 mol% 3 or 4 could be described as a single two-state system (see Fig. 4 for 3 ; data not shown for 4). However, the cooperativity of the gel-toliquid-crystal transition was lowered with the addition of either 1 mol% 3 or 1 mol% 4 (vida intra).
The excess heat capacity profile of DMPC with 1 mol% 3 has subtle differences from the excess heat capacity profile of DMPC alone. The enthalpy of the phase transition remained constant over time at 23.0 Ϯ 1.2 kJ/mol, and the T m remained constant at 23.9 Ϯ 0.02ЊC. In the case of 4, the enthalpy change remained invariant with time at 20.5 Ϯ 1.7 kJ/mol, and the T m remained constant at 23.7 Ϯ 0.03ЊC. In order to further explore any potential perturbation of the DMPC bilayer upon addition of 1 mol% 3, the cooperative nature of the transition was explored. The cooperative unit parameter (CUP) is defined by equation 5,
(Eq. 5)
where ⌬H VH is the van't Hoff or apparent enthalpy defined by equation 6. Note that the CUP is meaningful for two-state systems only.
(Eq. 6)
For a two-state system, i.e., gel-to-liquid-crystal transition or folded-protein-to-unfolded-protein transition, the CUP is unity or greater. The higher the CUP, the larger the cluster size that melts as a single unit. The addition of 1 mol% 3 to DMPC results in a 35% reduction in the CUP within the first 24 h of addition, relative to that for the control DMPC, with no statistically significant change in the CUP over the next 48 h. The addition of 1 mol% 4 to DMPC causes a 48% reduction in CUP within the initial 24 h after addition to the lipid preparation, with no statistically significant change in the CUP observable over the next 48 h. Results are summarized in Table 2 (28) (29) (30) . Note that the observation of constant ⌬H, T m , and CUP values in these experiments suggests that equilibrium has been established with the bilayer in less than 24 h.
When Azone was added to DMPC large multilamellar vesicles at 10 mol% concentration and under the previously stated conditions, there was no detectable perturbation of the phase transition excess heat capacity profile within 72 h. The phase transition data for the DMPCAzone system could be described as a single two-state model, and the pretransition was observable in the excess heat capacity profile (data not shown). The ⌬H and T m values of this system are not statistically different from those of the control DMPC preparations. The CUP parameter (which is very sensitive to the presence of ligands) for this system is also not statistically distinguishable from that of the DMPC control. These observations are in direct contrast to those reported by Rolland et al. (31, 32) for a preparation using DMPC that had been dissolved with Azone in chloroform, the chloroform then removed, and the DMPCAzone film that remained resuspended in buffer. These observations suggest that Azone may not transfer to the DMPC preparation in any appreciable quantity on the time scale of these experiments.
Nuclear magnetic resonance studies
Strong crosspeaks from the interaction of the phenyl protons of both 3 and 4 with the fatty acid methylene and choline N-methyl protons of DMPC are observed in the NOESY spectra. In addition, the spectrum of 3 exhibits a crosspeak to the terminal methyl protons of DMPC that is not observed in the NOESY spectrum obtained for the DMPC-4 preparation (Fig. 5) . Crosspeak volume values for the unresolved fatty acid methylene protons to the aromatic protons of the iminosulfuranes are 2.10, 9.08, and 5.79 mm 3 for compounds 2, 3, and 4, respectively. Crosspeaks from the phenyl protons of 2 to the DMPC protons are much weaker than those observed in the DMPC-3 spectrum, suggesting less extensive penetration into the bilayer; no crosspeaks to the terminal methyl or choline N-methyl protons are observed under the same analysis conditions used in the DMPC-3 spectrum. There are no detectable crosspeaks in the spectrum of DMPC-1 with 10 mol% iminosulfurane or in the spectrum of DMPC-3 or DMPC-4 with 1 mol% iminosulfurane present.
There is no evidence to suggest that the iminosulfuranes are causing vesicle fusion, based on visual inspection of these preparations and the lack of iminosulfurane-induced broadening of the proton NMR lines, especially those associated with protons in the glycerol backbone region that have limited motional freedom, the line widths of which should reflect the overall vesicle tumbling process.
Isothermal titration calorimetry
The isotherm for DMPC containing 10 mol% 3 ( Fig. 6 ) has a large heat evolved from the initial injection, with heats becoming smaller with each successive injection until the heats evolved become constant. The data were deconvoluted assuming that the bilayer was permeable to the ligand on the timescale of the ITC experiment. The results are tabulated in Table 3 . The directly measured ⌬H values were significantly different when the release and the incorporation procedures were employed. This observation suggests that a portion of bilayer-associated 3 may be unable to leave the inner leaflet on the time scale of the experiments, based on the release protocol. The data for compound 3 were then deconvoluted using a model based on an impermeable bilayer. This model led to virtually the same values for ⌬H and K when the release and incorporation protocol data were analyzed. Results from this analysis are shown in Table 4 , where the values of the ␦ parameter indicate the fraction of accessible ligand (␦ D ) and accessible lipid (␦ l ). For fully accessible sites, ␦ values are unity, and for the case in which only the outer leaflet of the bilayer is accessible, ␦ is 0.6. The isotherms for DMPC-1, DMPC-2, DMPC-4 and DMPC-Azone preparations all at 10 mol% ligand were also deconvoluted, with ␦ being unity. The ⌬H values obtained from the incorporation and release protocols are in agreement (Table 3) for compounds 2 and 4. No detectable binding of compound 1 or Azone to DMPC vesicles was observed.
Polarizability calculations
Using the Thole model and molecular orbital (MO) calculations, the polarizabilities of each of the iminosul- 
DISCUSSION
Partition coefficient data determined using ITC indicate that the iminosulfurane with the largest partition coefficient induces the largest flux of the test drug hydrocortisone (J) across skin preparations. Compounds 3 and 4 cause the greatest perturbation to the gel-to-liquid-crystal phase transition of DMPC; both of these compounds also lower the T m and induce multiple domains. This perturbation of the gel-to-liquid-crystal phase transition correlates with J. The properties and effects of 3 on a DMPC bilayer differ from those of the other iminosulfuranes that have been investigated. The partition coefficient obtained using the incorporation protocol is significantly larger than that obtained using the release protocol if the permeable bilayer model (␦ ϭ 1) is employed. In addition, the DMPC-3 excess heat capacity profile is also altered after the sample is heated, whereas the excess heat capacity profile of all other iminosulfuranes studied does not change. The initial upscan performed contains a bifurcated peak that is consistent with the presence of two thermodynamically distinct regions in the bilayer, each region containing a set of sites with differential local concentrations of 3. Previous studies utilizing cholesterol have suggested such a distribution (33) . These observations suggest that a barrier exists which prevents the uniform distribution of 3 throughout the bilayer. Upon heating and scanning down in temperature, the bifurcation is no longer seen, and the absence of the bifurcation remains on any further upscans performed on the preparation. This observation suggests that upon heating, 3 undergoes a uniform distribution and that cooling the bilayer does not affect the redistribution. Below the transition temperature, the acyl chains of the bilayer are in an ordered, rigid gel state, but after the transition, there is more movement of the acyl chains and less resistance to diffusion in the acyl region of the bilayer, which would facilitate uniform distribution of 3 in the DMPC preparation.
The existence of a distribution barrier or kinetic trap is also suggested by the difference in the partition coefficient derived from the incorporation experiment versus the release experiment. That the partition coefficient determined by the incorporation protocol exceeds that obtained using the release protocol when the data are analyzed using the fully permeable bilayer model, ␦ ϭ 1, may reflect the enhanced availability of binding sites in the bilayer outer leaflet associated with the incorporation methodology in which a fixed quantity of iminosulfurane is titrated with DMPC vesicles. The observation of a crosspeak between the phenyl protons of compound 3 and those of the terminal methyl group of the DMPC acyl chain, however, suggests that a least a portion of the bound fraction of this compound is penetrating substantially into the bilayer under extended periods of exposure of the bilayer to compound 3. The dynamics of DMPC lipids, however, include a mode in which some of the acyl chains reach the surface of the bilayer, as manifested by a crosspeak between the choline N(CH 3 ) 3 protons and those of the acyl chain terminal methyl group. The crosspeak associated with this interaction is observed in the NOESY spectra collected for these investigations but is much smaller than that associated with other lipid-lipid NOE interactions. A model in which this mode of motion of the DMPC acyl chains is viewed as the dominant one would uniquely restrict the interaction of compound 3 to outer leaflet sites at or near the bilayer surface, i.e., 3 would not penetrate the DMPC bilayer on the time scale of these experiments.
The cross polarization transfer rate associated with the aforementioned interaction mode is, however, approximately an order of magnitude smaller than that characterizing interaction between the acyl terminal methyl group protons and those of DMPC moieties near this group (34) . An additional observation also argues against this mode of interaction as the prime source of the aforementioned NOESY crosspeak. Compounds 3 and 4 have substantial surface populations at very similar sites, as indicated by the strong crosspeaks between the phenyl protons of these compounds and those of the choline N-methyl groups, but the crosspeak to the acyl terminal methyl group is only observed for compound 3. This observation argues for a differential depth of penetration characterizing the interaction of these compounds with the DMPC bilayer, with compound 3 occupying sites that are located deeper in the bilayer than are those occupied by compound 4. Such a deep penetration is consistent with an overnight exposure period of the bilayer prior to the initiation of NOESY data collection that extended for 72 h thereafter. The binding studies further suggest that once occupied, a subset of sites, which may reside at least in part on the inner leaflet due to the putative enhanced permeation and disordering of the bilayer by 3, does not release compound 3 on the time scale of the release ITC protocol. Such a location and slow release from the bilayer would favor an enhanced bilayer residence time for compound 3 in comparison to that of the other compounds in this series and, if also present in the skin preparations used for pharmacological studies reported herein, may afford an explanation, at least in part, for the markedly larger activity of compound 3 in comparison to the other compounds utilized in these investigations.
NOESY spectra are consistent with the strongest binding of 3 to the bilayer, and with the distribution of both 3 and 4 into various parts of the DMPC bilayer that is also consistent with the multicomponent gel-to-liquid-crystal phase transition excess heat capacity profiles. There is a correlation between methylene crosspeak volume and the flux, J, and Q 24 . However, NOESY crosspeak volumes are dependent not only on population but also on inter-proton distance between the aromatic protons of the iminosulfuranes and the protons of the several DMPC moieties. This analysis further assumes that the respective crosspeak buildup rates are the same for each of the iminosulfuranes investigated.
The calculated polarizabilities and molecular volumes TABLE 4 . Parameters obtained from isotherms of compound 3 assuming a permeable bilayer (␦ ϭ 1) or an impermeable bilayer (␦ ϭ 0.6) model of iminosulfranes 1-4 correlate poorly with the biological activity of these compounds (Table 1) . Polarizability is thought to provide an important contribution to the activity of compounds, the mechanism of action of which is via interaction with the aromatic amino acid units of proteins (1) . The polarizability and molecular volume results are not consistent with the interaction of the iminosulfuranes with proteins. Because the partition coefficients, K, and the ⌬H for ligand partitioning into DMPC preparations were obtained experimentally, it was possible to obtain the entropy change associated with the partitioning of the iminosulfurane compounds into the bilayer.
( Table 5 ). The ⌬S values are negative for all iminosulfuranes studied and indicate the expected loss of rotational and translational freedom of the ligands when they associate with the small DMPC vesicles in which the acyl chains are more disordered than is the case with larger vesicles. Hence, compensation for the entropy loss on binding to small vesicles due to additional disordering of the acyl chains by the iminosulfuranes is minimal (35) . In the case of 3, however, the absolute magnitude of the ⌬S value is nearly an order of magnitude lower than that of the other iminosulfuranes. This result suggests that there is a considerable compensation for the loss in entropy upon binding of compound 3 to the DMPC preparations and further suggests that 3 has access to regions of the bilayer that afford it considerable local motional freedom and/or that bound 3 induces regions in which it and DMPC lipids have enhanced motional freedom. An additional compensating entropy effect may arise from the release of bound water from apolar surfaces due to the disruptive activity of 3. These observations are consistent with a mode of action of compound 3 in which disruption of the DMPC bilayer originates from surface binding sites of this compound, perhaps followed by substantial penetration of this compound into the bilayer. In initial binding studies, it was observed that a fixed quantity of DMPC vesicles, when titrated with compound 3, could not be saturated with this ligand and appeared to bind it without limit, with probable considerable disruption of the bilayer structure. These observations are consistent with the large perturbation of the gel-to-liquid-crystal phase transition excess heat capacity profiles observed in DSC work on the DMPC-3 system and correlate with the high activity of 3 in the pharmacological studies using human cadaver or hairless mouse skin (13, 14) .
A strong correlation between the partition coefficients K describing the interaction of these compounds with DMPC preparations obtained from both the release and the incorporation protocols used in the ITC experiments and the ER J is observed, as seen in the histograms shown in Fig. 7 . Similarly, there is a strong correlation between the crosspeak volume obtained from NOESY studies and the flux ER, as shown in Fig. 7 . This correlation is to be expected if the crosspeak volume values primarily reflect the occupancy of the DMPC bilayer by the iminosulfuranes; note, however, the caveats mentioned in the NMR portion of the Results section. A similar correlation with the Q 24 and the partition coefficients and crosspeak volumes has been observed, but is not illustrated graphically, because the ER J , and the Q 24 do not vary independently of each other.
CONCLUSIONS
A number of correlations between the experimental physico-chemical results obtained for DMPC-iminosulfurane interactions and the skin penetration enhancement activities of iminosulfuranes have been noted. Iminosulfurane 3 stands out from other compounds of the series in respect to both its superior biological activity and its vastly different interaction with DMPC, including a possible enhanced residence time in the lipid bilayer suggested by ITC experiments. The results of this work strongly suggest that compound 3 facilitates the penetration of hydrocortisone, the model drug used, through the lipophilic regions of the skin.
The Georgia Research Alliance provided funding for the purchase of the calorimeters and NMR spectrometer used in this Fig. 7 . The correlation between the partition coefficient K obtained from isothermal titration calorimetry measurements based on the release protocol (left panel), the partition coefficient K obtained via the incorporation protocol (middle panel), and the crosspeak volume obtained through NOESY spectroscopy (right panel) and the enhancement ratio ER J observed in permeability studies using the three iminosufuranes listed on the abscissa of the histograms. 
